It is unknown whether treatment for osteoporosis with raloxifene is safe or effective in those with chronic kidney disease (CKD). With data from a multicenter, randomized, placebo-controlled trial of 7705 postmenopausal women with osteoporosis, the effect of raloxifene on rate of change of bone mineral density (BMD), incidence of fractures, and adverse events by stage of CKD was examined over 3 yr. Baseline serum creatinine values were available for 7316 women, and these values were used to assign a category of creatinine clearance (CrCl) using the Cockcroft-Gault formula (CrCl Ͻ45, 45 to 59, and Ն60 ml/min). BMD was measured at baseline and annually by dual x-ray absorptiometry. Within the placebo group, lower baseline CrCl was associated with a trend for higher annual losses of BMD at the femoral neck; however, within the raloxifene group, lower baseline CrCl was associated with greater increases in femoral neck BMD. This interaction between category of CrCl and treatment assignment was significant for rate of change of BMD at the hip. Irrespective of kidney function, raloxifene treatment was associated with a greater increase in spine BMD, a reduction in vertebral fractures, and no effect on nonvertebral fractures compared with placebo. Within each category of kidney function, adverse events were similar between the raloxifene and placebo groups. In conclusion, raloxifene increases BMD at both the hip and the spine and reduces the risk for vertebral fractures among individuals with CKD. The effect of raloxifene on hip BMD is greater among those with mild to moderate CKD.
The prevalence of low bone mineral density (BMD) and osteoporosis increases with greater severity of chronic kidney disease (CKD). [1] [2] [3] [4] [5] CKD may have an increased risk for osteoporosis for several reasons, including shared risk factors for both conditions such as advanced age and female gender. Alternatively, CKD may lead to metabolic abnormalities that accelerate bone loss, such as chronic metabolic acidosis, hypogonadism, hyperparathyroidism, and abnormalities with vitamin D metabolism. 6 Despite the increased burden of osteoporosis among those with CKD, the majority of randomized trials evaluating the efficacy of pharmacologic agents in preventing fractures in postmenopausal women with osteoporosis have excluded women with serum creatinine levels Ͼ2.0 mg/dl. [7] [8] [9] [10] [11] [12] [13] [14] Because therapies for osteoporosis have not typically included those with CKD, it remains uncertain whether the beneficial effects of osteoporosis therapy, specifically raloxifene, extend to those with kidney disease and whether these therapies are safe for those with CKD. This uncertainty is reflected in the recent review article on osteoporosis in CKD, which emphasized the unknown impact of osteoporosis therapies on BMD in those with CKD and their uncertain safety profile. 15 Raloxifene hydrochloride is a nonsteroidal benzothiophene that binds to estrogen receptors and has been demonstrated to increase BMD and reduce the risk for vertebral fractures in postmenopausal women with osteoporosis; however, the effects of raloxifene among women with osteoporosis and CKD are uncertain. Using data from the Multiple Outcomes of Raloxifene Evaluation (MORE) trial, we examined the efficacy and safety of raloxifene therapy in postmenopausal women with osteoporosis in risk subgroups defined at baseline by presence and severity of CKD.
RESULTS
Baseline characteristics of the 7316 women by category of creatinine clearance (CrCl) are shown in Table 1 . Among the cohort, 1480 (20%) had a CrCl of Ͻ45 ml/min, 3493 (48%) had a CrCl of 45 to 59 ml/min, and 2343 (32%) had CrCl Ն60 ml/min. Among the women with a CrCl Ͻ45 ml/min, only 55 had a CrCl Ͻ30 ml/min (lowest CrCl 20.0 ml/min). There were several differences in baseline characteristics across categories of CrCl. Women with lower CrCl were more likely to be older and more years postmenopausal; to have a lower body mass index (BMI); to have a lower baseline BMD at the femoral neck, trochanter, and lumbar spine; and to have prevalent fractures. They also were less likely to have had a hysterectomy and had higher concentrations of 25-hydroxy vitamin D (P Ͻ 0.001 for all comparisons, except hysterectomy P ϭ 0.006; Table 1 ). These trends in baseline data were similar across levels of renal function when individuals were categorized by Modification of Diet in Renal Disease (MDRD) estimated GFR (eGFR) with the following significant difference: BMI was more similar across categories of eGFR (26.2, 25.4, and 25.0 for eGFR categories Ͻ45, 40 to 59, and Ն60 ml/min per 1.73 m 2 . Findings were similar when analyses using CrCl or eGFR were limited to the 5675 with baseline and repeat BMD measurement at 36 mo.
As anticipated given the randomized trial design, baseline characteristics were similar across treatment groups within each category of CrCl (Table 2 ) with the following exceptions: Among women with CrCl Ͻ45 ml/min, those assigned raloxifene had slightly lower parathyroid hormone (PTH) levels compared with those assigned placebo (P ϭ 0.012). Also, among women with a baseline CrCl Ն60 ml/min, those assigned to raloxifene therapy were more likely to have had a prevalent vertebral fracture (P ϭ 0.002), diabetes (P ϭ 0.016), and higher PTH concentrations (P ϭ 0.018) at baseline compared with those assigned to placebo (Table 2) .
For all analyses, the results when using the 60 and 120 m/d doses of raloxifene were similar to those using a pooled raloxifene treatment group. Thus, all findings presented are for the pooled raloxifene treatment group. 
Bone Mineral Density
Of the 7316 women in our analysis cohort, 5675 (78%) completed technically adequate BMD measurements at baseline and 3 yr. There was evidence of an interaction between baseline category of CrCl and treatment assignment for prediction of rate of change in BMD at the hip (P ϭ 0.005 for interaction term at the femoral neck and 0.01 at the trochanter). Consequently, all additional analyses performed for change in BMD at either the femoral neck or the trochanter were stratified by treatment assignment. Figure 1A shows the 3-yr annualized percentage change in femoral neck BMD from baseline by category of CrCl and treatment assignment. Within the placebo group, lower CrCl seemed to be associated with higher annual losses of BMD at the femoral neck, but the trend did not reach significance (P ϭ 0.09 for trend); however, within the raloxifene group, the trend was in the opposite direction, in that the effect of raloxifene in increasing femoral neck BMD was most pronounced among women with lower CrCl (P ϭ 0.01 for trend). Compared with placebo, the effect of raloxifene on increasing femoral neck BMD was 1.0% per year among women with a CrCl Ͻ45 ml/min, 0.7% per year among women with a CrCl of 45 to 59 ml/min, and 0.6% per year among women with a CrCl Ն60 ml/min (P Ͻ 0.001 for all comparisons between pooled raloxifene treatment group and placebo group). Substitution of trochanteric BMD for femoral neck BMD or the absolute rate of change in BMD for percentage change in BMD did not alter the results. When using the MDRD eGFR in place of the Cockcroft-Gault CrCl, there was no evidence of an interaction between category of kidney function and annualized percentage change in BMD at either the femoral neck (P ϭ 0.44 for interaction) or the trochanter (P ϭ 0.35 for interaction; Figure 1B) ; however, the overall effect on hip BMD was similar, with women in the pooled raloxifene treatment group gaining hip BMD over 3 yr, whereas those in the placebo group experienced losses in hip BMD, irrespective of category of eGFR.
Unlike at the femoral neck, the effect of raloxifene on rate of change in spine BMD did not differ by category of CrCl at baseline (P ϭ 0.54 for interaction). In general, lower CrCl was associated with greater increases in spine BMD irrespective of treatment assignment (P ϭ 0.006 for trend within placebo group and P Ͻ 0.001 within pooled raloxifene group; Figure  2A ). Results were similar when eGFR was substituted in place of the CrCl (P ϭ 0.98 for interaction; Figure 2B ).
Fractures
Use of raloxifene was associated with an overall decrease in the incidence of vertebral fractures (odds ratio [OR] 0.57; 95% confidence interval [CI] 0.47 to 0.69). There was no evidence of an interaction between treatment assignment and category of baseline kidney function for the prediction of risk for incident vertebral fractures (P ϭ 0.39 for interaction CrCl*treatment assignment [ Table 3 ] and P ϭ 0.93 for interaction eGFR*treatment assignment). Raloxifene therapy was not associated with any benefit compared with placebo in the overall cohort in reducing the risk for any nonvertebral fracture (OR 0.94; 95% CI 0.80 to 1.11). The lack of effect of raloxifene in reducing risk for nonvertebral fracture was consistent within subgroups defined by level of kidney function (using CrCl; Table 3 ). When individuals were categorized using the MDRD eGFR, there was some evidence that the effectiveness of raloxifene in reducing nonvertebral fracture differed by category of kidney function (P ϭ 0.0503 for interaction eGFR*treatment assignment; Table 3 ). Raloxifene seemed to lower the risk for nonvertebral fractures among women with an eGFR Ͼ60 ml/min per 1.73 m 2 and increase the risk among women with eGFR Ͻ45 ml/min per 1.73 m 2 ; however, there were few events among women with an eGFR Ͻ45 ml/min per 1.73 m 2 (n ϭ 32), and 95% CI around the point estimate of effect were wide (0.61 to 2.62).
Adverse Events
Women with reduced kidney function were more likely to experience one or more serious adverse effects when categorized using either CrCl or eGFR (Table 4) . Women with more advanced kidney disease were also more likely to discontinue the study permanently as a result of an adverse event (11.3, 10.1, and 8.3% for CrCl and 15.5, 9.7, and 9.2% for eGFR categories of Ͻ45, 45 to 59, and Ն60 ml/min, respectively); however, within each category of CrCl or eGFR, rates of adverse events by treatment assignment were not different in either the number of serious adverse events or the number of women who discontinued the study (P Ͼ 0.1 for interaction between kidney function and treatment assignment for all adverse event categories; Table 4 ).
DISCUSSION
In this post hoc analysis of data from the MORE study, a randomized trial of the efficacy and safety of raloxifene treatment in postmenopausal women with osteoporosis, we found that the effect of raloxifene on rates of spinal bone loss, risk for fractures, and rates of adverse events was consistent across risk subgroups defined by baseline CrCl or eGFR. We also observed that the effect of raloxifene on rates of hip bone loss differed by category of renal function as defined by CrCl (but not eGFR), in that the effect of raloxifene in increasing hip BMD was most pronounced in women with the lowest CrCl (stage 3 CKD).
Our results in the placebo group suggest a difference in the association between CKD and the rate of change of BMD at the lumbar spine as compared with that at the hip. Specifically, greater evidence of CKD among women in the placebo group was associated with greater increases in spine BMD; however, more advanced CKD among women in the placebo group was associated with greater rates of decline in BMD at the femoral neck and trochanter. Spinal BMD measures the bone density not only at the spine but also overlying vascular calcification, 16 and adults with more advanced CKD have a greater prevalence CLINICAL RESEARCH www.jasn.org and rate of increase in vascular calcification compared with those with preserved kidney function. 17 Thus, it is likely that the increases in BMD observed at the spine in the placebo group at least partially reflect the effect of ongoing age-related vascular calcification as opposed to true increases in BMD.
We are aware of a few studies that have evaluated the effects of osteoporosis therapy in those with kidney disease. All had more stringent criteria regarding exclusionary levels of serum creatinine at baseline. The first was a pooled analysis of nine clinical trials that examined the safety and efficacy of risedronate, a bisphosphonate, in women with osteoporosis and CKD (n ϭ 9883). 18 That study demonstrated that risedronate led to similar increases in BMD and reductions in fractures irrespective of baseline kidney function. In addition, that study suggested that risedronate was safe to use in women with osteoporosis and CKD over the 2-to 3-yr observation period. In all nine studies pooled, individuals were excluded when their baseline serum creatinine was Ͼ1.1 times the upper limit of normal. Despite this inclusion criteria, that study included 572 individuals with a CrCl Ͻ30 ml/min. A secondary analysis of the Fracture Intervention Trial (FIT), in which women with low BMD were randomly assigned to placebo or alendronate, showed similar results. 19 Specifically, use of alendronate was associated with a reduced risk for clinical fractures irrespective of baseline kidney function. Alendronate use was also associated with a significant increase in total hip BMD compared with placebo. This effect was more pronounced in those with a CrCl Ͻ45 ml/min (P ϭ 0.04 for interaction between CrCl and treatment assignment). Adverse events were similar irrespective of baseline kidney function; however, the FIT excluded women with a creatinine level Ͼ1.6 mg/dl at baseline. Finally, Miller et al. 20 recently evaluated the effectiveness of teriparatide [recombinant human PTH (1-34)] among postmenopausal women with osteoporosis by level of kidney function. That study demonstrated that teriparatide increased BMD at the lumbar spine and femoral neck to similar degrees irrespective of baseline kidney function. Also, the reduction in risk for vertebral and nonvertebral fractures was not different by level of baseline kidney function; however, teriparatide was associated with an increased risk for elevated uric acid in those with moderately impaired kidney function (CrCl 30 to 49 ml/min). That study excluded from participation women with a creatinine level Ͼ2 mg/dl. We are aware of only one randomized, controlled trial that specifically recruited individuals with CKD at baseline. 21 That small, randomized, controlled trial enrolled postmenopausal women on hemodialysis and compared the effect of raloxifene (60 mg/d) with placebo on rate of change in BMD (n ϭ 50). That trial was of relatively short duration (1 yr) and demonstrated an improvement in BMD at the lumbar spine, with no effect at the femoral neck. Our results extend these findings because we demonstrated that raloxifene is effective in increasing hip BMD and decreasing risk for incident vertebral fractures among women with osteoporosis and mild to moderate CKD. In addition, raloxifene is well tolerated by those with mild to moderate CKD, with an adverse event rate and a discontinuation rate similar to those of placebo.
Impaired kidney function seems to be a risk factor for osteoporosis, progressive bone loss, and ultimately hip fractures. CKD may be associated with a higher prevalence of osteoporosis and osteopenia for several reasons. Individuals with CKD are more likely to be older, female, and vitamin D deficient; have increased PTH levels; and have had an earlier onset of menopause. In addition, there is concern that kidney disease itself may be a risk factor for lower BMD. [1] [2] [3] [4] [5] 22 The biologic basis for progressive bone loss among individuals with impaired kidney function has recently been borne out by two prospective cohorts demonstrating that individuals with poorer kidney function, defined as a lower CrCl 23 or a higher cystatin C, 24 had greater rates of hip bone loss. Increased rates of hip bone loss may potentially increase the risk for hip fracture among individuals with impaired kidney function. Nickolas et al. 25 reported an independent correlation between an eGFR Ͻ60 ml/min per 1.73 m 2 and the prevalence of hip fractures using the cross-sectional National Health and Nutrition Examination and Survey (NHANES). Ensrud et al. 26 reported a graded association between level of kidney function and the subsequent risk for hip fracture among older women. Similarly, elevated cystatin C concentrations have been independently associated with risk for hip fracture among women. 27 Irrespective of cause, individuals with CKD have a greater prevalence of osteoporosis and are at increased risk for clinical fractures. Despite this increased risk, the majority of studies evaluating osteoporosis therapy have attempted to exclude systematically individuals with CKD. A review group on osteoporosis in CKD concluded that the use of osteoporosis therapies in patients with CKD is highly controversial, given unknown effectiveness of these therapies on BMD and fractures risk. 15 In addition, the review expressed concern regarding the unknown safety profile of osteoporosis therapeutic agents when used in those with CKD. This analysis of data from the MORE trial indicates that the effects of raloxifene on spine BMD, fracture risk, and adverse events are similar among women with and without CKD, whereas it provides some evidence that the rate of gain in hip BMD with raloxifene treatment increases a Serious adverse event is defined as an adverse event that resulted in death, hospitalization, cancer, permanent disability, or threat to life; women were counted only once, even when they had more than one serious adverse event.
with greater severity of CKD as defined by level of CrCl (down to a CrCl of 30 ml/min). Our study has several limitations. We were unable to use a direct measure of GFR. Instead, we relied on two indirect measures of kidney function, both based on the serum creatinine. Use of the two creatinine-based formulas resulted in substantial differences in the number of individuals categorized with poor kidney function: 1480 with a CrCl Ͻ45 and 343 with an eGFR Ͻ45. It is unclear which formula best predicts kidney function in this population of postmenopausal women, because neither has been validated in a similar population. The MDRD equation was derived in middle-aged adults without diabetes and with CKD. 28 Whereas some studies have suggested that the MDRD estimate of kidney function is more accurate than the Cockcroft-Gault equation in older people, 29 -31 others have not supported this claim. 32 Despite the differences in the numbers of individuals categorized with CKD between the formulas, the overall effect of raloxifene treatment on BMD we observed was similar, irrespective of formula used. In addition to potential bias introduced by the estimating formulas, serum creatinine itself may be a biased marker of kidney function in the elderly. Previous studies suggested that serum creatinine becomes a less reliable marker of kidney function with aging, specifically in elderly women. Age has been associated with a decline in muscle mass and alterations in creatinine metabolism. 33 These deficiencies in estimating kidney function may have led to misclassification in the category of kidney function to which individuals were assigned. This misclassification could explain the similar concentrations of PTH and vitamin D observed across categories of both CrCl and eGFR. Alternatively, the preserved PTH and vitamin D concentrations observed may be the result of recruiting healthy individuals for inclusion into the trial, and results obtained in this population may not be generalizable to those with identified kidney disease. Whereas our primary results suggest a greater therapeutic benefit for raloxifene in increasing hip BMD among individuals with more advanced CKD when categorized by CrCl, our results differed when eGFR was substituted for CrCl, in that the effect of raloxifene in increasing hip BMD was consistent across categories of eGFR. Also, we had limited power to determine whether the effect of raloxifene on risk for nonvertebral fracture was consistent across categories of baseline kidney function and to explore further the inconsistency of results when kidney function was expressed using eGFR versus CrCl. Finally, the MORE trial excluded women from participation when their baseline serum creatinine was Ͼ2.6 mg/dl. As a result of this exclusion criterion, few women (n ϭ 55) with a CrCl Ͻ30 were included. Consequently, it is unknown whether our results are generalizable to postmenopausal women with serum creatinine levels Ͼ2.6 mg/dl and/or a CrCl Ͻ30 ml/min.
Among postmenopausal women with osteoporosis and mild to moderate CKD (to stage 3), raloxifene therapy increases BMD at both the hip and the spine with a greater effect on hip BMD in those with mild to moderate CKD as defined by CrCl, reduces risk for vertebral fractures, but has no effect on risk for nonvertebral fractures.
CONCISE METHODS
The MORE study was a 3-yr multicenter, randomized, placebo-controlled trial that began enrollment in 1994. The study enrolled 7705 postmenopausal women aged 31 to 80 in 25 countries. The protocol was approved by the human studies review board at each participating center. The primary objective of the MORE trial was to determine whether raloxifene therapy decreased the risk for incident vertebral fractures compared with placebo in postmenopausal women with osteoporosis. Women were randomly assigned to receive one of three treatments: Placebo or 60 or 120 mg/d raloxifene. All women were also given daily supplements of 500 mg of calcium and 400 to 600 IU of vitamin D. Inclusion and exclusion criteria have been previously published. 34 Specifically, the MORE trial included women who were at least 2 yr postmenopausal, did not have severe or long-term disabling conditions, and had osteoporosis at baseline defined as low BMD (T score at the femoral neck or lumbar spine below Ϫ2.5) or radiographically apparent vertebral fractures. Individuals were excluded when they had a serum creatinine level Ͼ2.6 mg/dl (225 mmol/L) at baseline. Of the 7705 women enrolled in the trial, a total of 7316 (95%) women completed baseline serum creatinine measurements and are the subject of this analysis.
Renal Function
Baseline serum creatinine was measured at a central laboratory using a modified Jaffe reaction on Roche (Basel, Switzerland)/Hitachi (Tokyo, Japan) instrumentation (intra-assay coefficient of variation 3.5%). For the primary analysis, kidney function was determined using the Cockcroft-Gault formula, which is an estimate of CrCl: {CG ϭ 0.85 ϫ [140 Ϫ age (years)] ϫ weight (kg)/[72 ϫ creatinine (mg/dl)]}. CrCl was categorized as Ͻ45, 45 to 59, and Ն60 ml/min, using a modification of the classification system recommended by the National Kidney Foundation. 28 
Bone Mineral Density
BMD was measured at the spine and the femoral neck at baseline and annually by dual-energy x-ray absorptiometry. A central reading facility provided correction factors to adjust for intersite differences and changes in the performance of densitometers over time. 35, 36 Of the 7316 women included in this analysis, 5675 (78%) had technically adequate BMD measurement at both baseline and after 3 yr. The rate of change in BMD was expressed as annualized percentage change between the year 3 value and baseline. There were no carry-forward values of BMD from intervening years.
Fractures
Participants in the MORE trial underwent lateral thoracic and lumbar spine films at baseline and 24 and 36 mo. Incident radiographic ver-tebral fractures were identified using a combination of morphometric and semiquantitative methods, by comparison of lateral spine films taken at baseline and an average of 2.9 yr later. 37 A new incident vertebral fracture was defined as a fracture in a vertebra that was not fractured as baseline. Nonvertebral fractures were reported by participants and confirmed either by x-ray reports or from medical charts.
Fractures of the skull, face, metacarpals, fingers, or toes were excluded, as were traumatic fractures. The average follow-up time for nonvertebral fractures was 2.6 Ϯ 0.8 yr.
Adverse Events
All women were questioned about adverse events at each visit. Serious adverse events were defined as those that resulted in death, hospitalization, cancer, or permanent disability or were life-threatening.
Other Measures
Demographic data, medical history, and health-related habits were collected by self-report questionnaire at baseline. At each visit, participants' height and weight were measured. BMI was calculated as weight in kilograms divided by height in meters squared. Information on walking for exercise was asked of a subset of 1201 English-speaking women at the larger sites in the United States. Women were defined as having diabetes when they reported a preexisting condition of diabetes, had a fasting blood glucose of Ն126 mg/dl (7.0 mmol/L), or were on hypoglycemic medications.
Statistical Analysis
Characteristics of participants at the baseline examination across categories of CrCl were compared using 2 tests of homogeneity for categorical data, analyses of variance for normally distributed continuous data, and Kruskal-Wallis tests for skewed continuous data. In addition, within each category of CrCl, these same tests were used to compare characteristics at the baseline examination by treatment assignment. Using linear regression (least squared means procedure), the average annual percentage rate of change in BMD at the femoral neck, trochanter, and lumbar spine and its 95% CI was calculated according to category of baseline kidney function (CrCl and eGFR) and treatment assignment. Logistic regression was used to determine the effect of raloxifene on the risk for incident vertebral fractures within each category of baseline kidney function. Cox regression was used to determine the effect of raloxifene on the time to a new nonvertebral fracture within each category of baseline kidney function. Rates of serious adverse events and study discontinuation were calculated by category of baseline kidney function and by treatment assignment, and 2 tests were performed to examine differences between treatment groups within each category of kidney function. Formal tests for interaction were performed to determine whether the effect of raloxifene on each outcome differed by baseline category of kidney function. The presence of an interaction between renal function and treatment effect was evaluated by including a treatment assignment ϫ category of kidney function (ordinal variable with three levels) term in the models. All tests are presented with two-sided P values; P Ͻ 0.05 was considered significant. All analyses were performed using an intention-to-treat model and were conducted using SAS 9.1 (SAS Institute, Cary, NC).
A total of 7316 postmenopausal women (95% of the original MORE trial participants) were included in this analysis. Of the 389 women excluded from our analysis, 309 (79%) were from Australia, New Zealand, and Singapore, because these sites did not send serum specimens to the central laboratory for determination of laboratory parameters, including serum creatinine. Compared with the 7316 women included in the analysis, the 389 women excluded were, on average, slightly older (67.3 versus 66.4 yr; P ϭ 0.02); were more likely to have had a hysterectomy (27 versus 22%; P ϭ 0.03); had a lower BMI (24.7 versus 25.3 kg/m 2 ; P ϭ 0.01); had a slightly higher BMD at the femoral neck (0.65 versus 0.62; P Ͻ 0.01), lumbar spine (0.83 versus 0.82; P ϭ 0.05), and trochanter (0.58 versus 0.55; P Ͻ 0.01); and were less likely to smoke (7.5 versus 17.3%; P Յ 0.01).
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